Toxicology has long relied on animal models in a tedious approach to understanding risk of exposure to an uncharacterized molecule. Stem cell-derived tissues can be made in high purity, quality, and quantity to enable a new approach to this problem. Currently, stem cell-derived tissues are primarily "generic" genetic backgrounds; the future will see the integration of various genetic backgrounds and complex three-dimensional models to create truly unique in vitro organoids. This minireview focuses on the state of the art of a number of stem cell-derived tissues and details their application in toxicology.
Toxicology has long relied on animal models in a tedious approach to understanding risk of exposure to an uncharacterized molecule. Stem cell-derived tissues can be made in high purity, quality, and quantity to enable a new approach to this problem. Currently, stem cell-derived tissues are primarily "generic" genetic backgrounds; the future will see the integration of various genetic backgrounds and complex three-dimensional models to create truly unique in vitro organoids. This minireview focuses on the state of the art of a number of stem cell-derived tissues and details their application in toxicology.
Delineating the toxicological profile of a new molecular entity is an incremental investigation across in silico, in vitro, and in vivo models that culminates in an informed opinion of risk. Many of these assessments are conducted to comply with regulatory guidance documents and rely heavily on the use of animal toxicology studies. This approach is slow and costly and still results in unappreciated "surprises" when preclinical animal data uncover intractable toxicity that has an unclear correlation with the drug's effect in humans. Primary cell culture has long been the preferred cell-based system for in vitro research; however, ample and consistent supply, uncontrolled phenotypic variation in viability and function, and a progressive loss of in vivo properties when cultured among other constraints provide room for improved models of predicting human adverse responses. One potential opportunity is seen in the chemical industry in the European Union, where the Registration, Evaluation, Authorization, and Restriction of Chemicals (REACH) mandates safety testing for all high production volume chemicals and soon lower production volume entities as well, requiring a new standard of product safety (1) . Accordingly, cost-conscience improvements to the early safety screening would align with the 3Rs principles of refine, reduce, and replace the use of animals in research, which occurs in concert with integrating innovative technologies and approaches into all areas of safety assessment (2) .
No field better highlights the opportunity to embrace the 3Rs principles while improving human safety than human pluripotent stem cell (hPSC) 2 -derived tissues. Advances in recent years, in particular the ability to reprogram adult cells such that they acquire an embryonic stem cell (ESC)-like phenotype, not only alter the ethical debate related to the harvest of ESCs but open brand new avenues of research on the path to true personalized medicine. One can envision a day when personalized induced pluripotent stem cells (iPSCs) turned into tissues of interest can assess drug safety and efficacy prior to exposing a patient. Although the discovery of iPSC reprogramming was a watershed moment, the true potential still resides in the ability to differentiate those cells down a lineage of interest in high quality, purity, and quantity to enable research and ultimately demonstrate clinical benefit. For a number of tissues, including cardiomyocytes, hepatocytes, endothelial cells, hematopoietic precursors, and different types of neurons, high quality cells are available currently, yet a long road is ahead to manufacture other cell types such as podocytes, keratinocytes, pancreatic beta islet cells, and tissue-specific endothelium before making true in vitro "organoids." Although personalized cell models and therapy represent the future, current stem cell research in toxicology primarily uses "normal" genetic background cells and thus will be the focus of this minireview.
The majority of this minireview is focused on differentiated tissues; however, it is important to pay tribute to the first stem cell-based toxicology assay, designed to predict embryonic-fetal developmental toxicity using mouse ESCs. The regulatory attitude toward assessing teratogenicity changed abruptly after the thalidomide disaster, when thousands of children were born with severe defects (phocomelia, or shortening of the limbs). Fast forward 30 years, and European Centre for the Validation of Alternative Methods validated a number of in vitro teratogenicity testing models, including the rat whole embryo culture, the limb bud micromass assay, and the mouse embryonic stem cell test (mEST), and deemed these assays as suitable for consideration for regulatory acceptance and submission documents (3, 4) .
The mEST assesses whether or not a drug impairs differentiation of mouse ESCs to form beating cardiomyocytes and includes cytotoxicity as a secondary end point (5, 6) . The validation set of 20 chemicals was reproducible among different laboratories, and the overall correlation between in vitro and in vivo data was Ͼ75%. Broader testing of the assay beyond the initial validation set of compounds revealed lower performance (7) . Subsequent publications improved the algorithm by developing models that use selected gene expression profiling to enhance the discrimination between embryotoxicants and non-embryotoxicants (8) One publication using 77 compounds identified molecular differentiation markers, reduced the assay to a single sampling time point, shortened the cytotoxicity assay (which allowed the definitive test to be only a single test concentration), and revealed an overall accuracy of ϳ72% (8 Despite optimization, automation, and molecular improvements, use of a mouse cell assay will have issues of cross-species predictivity when one is ultimately concerned with identifying human teratogens. Classic examples of human-specific teratogens such as thalidomide and isotretinoin come to mind (9) but also coumarin and streptomycin (10) . In addition, a number of drugs and chemicals show discordant responses in the target organ of teratogenic response from mice to humans (lithium, valproic acid, busulfan, chlorambucil, and cytarabine). Finally, the concordance across 289 compounds for mouse teratogenicity results to humans is 59% (10) . Although caveats exist for in vitro models, the importance in developing a stem cell-based embryo toxicity assay that is relevant to humans is summarized succinctly by the senior author of the original mEST: "The ultimate and most challenging goal in improving the mEST is to use human ESCs in a hEST, thus avoiding the extrapolation of responses from animals to humans . . . " (11) .
The number of compounds evaluated in human EST assays is limited. Challenges (such as the low rate of embryoid body formation with human cells and hPSCs is developmentally more similar to later stage murine post-implantation-derived epiblast stem cells than to blastocyst-derived murine ESCs (12) (13) (14) ) suggest that changes in assay conduct from the mEST approach are necessary. For example, instead of embryoid body formation, gene expression analysis can be used, as ethanol increased endodermal differentiation, retinoic acid (RA) altered genes involved in neural development, and thalidomide affected both endodermal and neural genes (15) . RA, a well known teratogenic agent, affected neural rosette formation with concentration-dependent morphological alteration and gene expression changes similar to those induced in vivo by RA exposure (16) . A study examining a large set of compounds in human pluripotent cells used metabolomics as the discriminating variable and had ϳ70 -80% prediction of reproductive toxicity (17) . Early expression analysis of differentiating human ESCs revealed a robust correlation with mesendoderm markers such as T-Brachyury, EOMES, and SOX-17 and correctly classified 55 of 59 compounds with their appropriate teratogenic response in vivo (18) . Taken together, these data confirm an improvement for human over mouse models.
Cardiomyocytes
The first intact organ to form, the heart, was also the first organ to be used extensively in hPSC-derived research. Disruption of cardiac function, due to either overt cellular damage/loss or alteration of cardiac action potentials, is a major toxicological concern and has halted a number of drugs in development or led to their removal from the marketplace (19) . Thus, cardiovascular safety pharmacology is evaluated early and often in drug development, often starting with heterologous expression systems evaluating isolated cardiac ion channels (e.g. hERG (human etherà-go-go-related gene)). This system is sensitive and amenable to high throughput screening, but the obvious lack of the remaining complement of cardiac ion channels involved in the concert of voltage-dependent contraction results in loss of accuracy (20) . The hERG channel is of particular interest, as inhibition of this channel causes delayed repolarization and prolonged QT and may lead to ventricular tachyarrhythmia such as life-threatening torsades de pointes. The correlation at each step from hERG inhibition to QT prolongation to arrhythmia to torsades de pointes is far from perfect, and better tools to understand the molecular cascade of events are needed. Subsequent models such as isolated cardiac tissues, primary cells, and perfused intact hearts are labor-intensive and suffer from preparation variability, limited time frame of suitable experimentation, expense, and need to coordinate tissue collection from living organisms, resulting in a suboptimal predictive milieu (21) . Thus, cardiac safety pharmacology has a deficiency in the early prediction of human electrophysiological events, and studies with hPSC-derived cardiomyocytes have promise in filling this gap.
hPSC-derived cardiomyocytes are similar to their in vivo cardiac counterparts. hPSC-derived cardiomyocytes express the major cardiac ion channels, demonstrate cardiac action potentials, and respond in identifiable and anticipated ways to known cardioactive molecules using a number of approaches, including patch clamping, multielectrode arrays (MEAs), and impedance (22, 23) . hPSC-derived cardiomyocytes exhibit cardiomyocyte morphology, including sarcomeric structures, and express a fetal gene expression pattern (24) . In terms of drug response, both MEA and patch clamping revealed that hPSCderived cardiomyocytes have the anticipated dose-responsive effects on beat rate and electrophysiological changes across a set of 43 compounds (25) and across 19 different compounds (26) . MEA and impedance across 28 cardioactive drugs indicated a strong correlation between in vitro findings and known in vivo arrhythmia and QT prolongation effects (27) . An in vitro surrogate for drug-induced arrhythmia was described and shown to be attenuated with the calcium channel blocker nifedipine, suggesting a molecular relationship with early afterdepolarization and arrhythmia. Importantly, the abovementioned studies demonstrate the robust utility of hPSCderived cardiomyocytes to predict QT prolongation and arrhythmia over rote hERG screening and make them an excellent complement to drug discovery and safety pharmacology, potentially reducing the need for extensive QT evaluation in clinical development.
Although safety assessment is a slowly changing field, an opportunity exists for hPSC-derived cardiomyocytes across the entire landscape of drug discovery and development. In addition, to improve early safety screening, a larger opportunity downstream in clinical development is obviating the need for extensive QT evaluation. The E14 clinical guidance document issued by ICH in 2005 details conducting a dedicated study to quantify the QT interval effect of a new molecular entity, the thorough QT/QTc (TQT) study. This study is designed to confidently identify compounds that do not prolong the QTc by 10 ms and thus reduce or eliminate additional electrocardiogram monitoring. The underlying hypothesis is that QT prolongation would create a pro-arrhythmic environment and consequently put exposed patients at risk of arrhythmia. At present, "clean" preclinical data as mandated by ICH7A and ICH7B do not automatically eliminate the need for a TQT trial. A large sample set of compounds has been tested in TQT, so it would be an opportune testing set for determining if hPSC-derived models could provide equivalent decision-making information.
An area of research for hPSC-derived tissues is obtaining a mature adult phenotype. hPSC-derived cardiomyocytes resemble a fetal, relatively immature cardiac phenotype. The exact degree of maturation required will vary with the end point of evaluation. For example, hPSC-derived cardiomyocytes for QT and arrhythmia detection show a strong correlation with intact adult responses, even though the cells exhibit a less than fully mature phenotype. In contrast, hypertrophy, where injury response is predicated on the re-expression of fetal marker genes such as brain natriuretic peptide or ␤-myosin heavy chain (28) , will require maturation to decrease background levels of marker genes to detect an increase in response to stimuli. Efforts to develop a more mature phenotype include three-dimensional and patterned microenvironment (29) . In addition, because small molecules are often added to directed differentiation protocols, they could be used to encourage maturation (30) . Alternatively, hPSC-derived cardiomyocytes at the current maturity could be studied and the cardiac channels deconstructed such that a mature phenotype could be generated via computer-based modeling (31) . A less optimal approach to maturity is to culture for extended periods of time, as 1 year in culture led to myosin and band changes indicative of adult cardiomyocytes (32, 33) . Thus, there are a multitude of avenues to explore maturing cardiomyocytes should the scientific need arise.
Although much emphasis has been placed on electrophysiological applications, hPSC-derived cardiomyocytes are also useful to study cardiotoxicity. hPSC-derived cardiomyocytes are distinct from other in vitro cardiac models because they maintain voltage-dependent contractions for indefinite periods of time, have a maturing phenotype, and exhibit in vivo relevant drug responses (19, 27, 34, 35) . The voltage-dependent contractile properties exhibited in vitro are essential and necessary to replicate the primary in vivo role of cardiomyocytes. For mechanistic toxicology questions, one must assess rhythmic perturbations and consequences of energy production as they relate to drug-induced cardiotoxicity simultaneously. hPSCderived cardiomyocytes were used to help tease out the mechanism of cardiotoxicity of a drug development compound that induced mild cardiac myofiber loss and also had extensive electrophysiological effects, the latter of which were determined as the driving factor (27, 36) . These types of studies guide subsequent mechanistic efforts to the true mechanistic cause, e.g. overt cardiac injury leading to electrophysiological abnormalities or vice versa. hPSC-derived cardiomyocytes were used to interrogate potential kinases, including AMP-activated protein kinase, ribosomal S6 kinase, and aurora kinase, involved in the cardiotoxicity of sunitinib. Again, the mechanistic evaluation of cardiotoxicity in a beating model was crucial, as sunitinib was discovered to inhibit hERG as well as other cardiac ion channels in addition to potent cytotoxicity (37) . hPSC-derived models of cardiac injury have shown that cardiac troponins and cardiac natriuretic peptides can be useful biomarkers of cardiac damage induced by chemotherapeutic agents (38) , as can the release of troponin T and FABP3 (fatty acid-binding protein 3) following doxorubicin-induced cardiac necrosis (39) Using a variety of molecular markers, including mitochondrial membrane potential, endoplasmic reticulum integrity, Ca 2ϩ mobilization, and membrane permeability, combined with an assessment of cell viability, hPSC-derived cardiomyocytes were shown to be more predictive than primary dog cardiomyocytes and H9c2 cells when taking therapeutic concentration into consideration (40, 41) . Across a panel of cardiotoxic and non-cardiotoxic kinase inhibitors, mitochondrial dysfunction was identified as a critical component of injury of many of these compounds (40) .
hPSC-derived cardiomyocytes are valuable in the pursuit to assess electrophysiological and cardiac toxicity. hPSC-derived cardiomyocytes provide a direct assessment of human responses without concern of cross-species extrapolation, and electrophysiological models are being developed to obviate extensive and potentially redundant clinical assessments of cardiac safety pharmacology. In any event, the production of consistent, genetically similar (or diverse as specific questions arise) cells with consistent electrophysiological responses to treatment across and within experiments has provided stability to hPSC-derived model research. Although not the scope of this minireview, iPSC-derived cardiomyocytes from a range of patients with a diversity of cardiac abnormalities, including long QT1, long QT2, long QT3/Brugada syndrome, long QT8/Timothy syndrome, and catecholaminergic polymorphic ventricular tachycardia, have already been created and can be used to help draw clear associations with genetic information and functional consequences, a step that will be paramount to optimizing and personalizing drug therapy in the future.
Neurons
Although not as extensive as hPSC-derived cardiomyocytes, hPSC-derived neurons have similarly offered a novel platform for research into the neurotoxicity of drugs and chemicals. The neonatal development status of hPSC-derived neurons has been leveraged to understand the deleterious drug effects on the process of neurodevelopment (42, 43) . Because cultured hPSC-derived neurons rapidly and continually develop neurites to enable cell-cell communication, the ability to demonstrate long-term potentiation in vitro is a possibility (44) . The in vivo-like properties of hPSC-derived neurons are also being used to study phenotypic end points beyond neurite outgrowth, including electrical activity, migration, and overt cellular morphology, which can be coupled with traditional measurements such as biochemical assays and gene expression analysis (45, 46) . hPSC-derived neurons have shown specific applications in toxicology. Because hPSC-derived neurons are sensitive to botulinum toxin, an assay has been developed that can effectively replace animal testing for botulinum toxicity assays (47) . The authors demonstrated that molecular targets of botulinum toxin uptake and toxicity are expressed in hPSC-derived neurons; thus, the assay replicates appropriate in vivo toxicity mechanisms. MEA was used to demonstrate subtle perturbations in electrical activity in ESC-derived neurospheres and was more sensitive than measurements of cellular injury and cytotoxicity (48, 49) . By way of example, hPSC-derived neurons were detectably sensitive to known neurite outgrowth inhibitors such as bisindolylmaleimide I, U0126, lithium, sodium orthovanadate, and brefeldin A; thus, the end point of neurite outgrowth could be an in vitro hallmark of neurotoxicity (45) .
hPSC-derived neurons have been used in conjunction with chemical libraries to inform and investigate mechanism of action. In a discovery pharmacology screening model with toxicological underpinnings, hPSC-derived neurons were used to determine the mechanism of toxicity of amyloid-␤42 accumulation (a biomarker of Alzheimer disease) as a re-entry into the cell cycle, as specific Cdk2 inhibitors attenuated toxicity. In addition, the model of amyloid-␤-induced cytotoxicity in hPSC-derived neurons was used to screen a compound library to identify novel drug targets (50) . Using dopaminergic neurons derived from human ESCs, a collection of 720 Food and Drug Administration-approved drugs was examined for molecules that were selectively cytotoxic to progenitor neurons but noncytotoxic to differentiated neurons. Although this experiment was designed with aspirations to assist in purifying a cell therapy product of contaminating proliferative cells, one could envision using this type of library screening approach to identify molecules that are potently toxic to the neuronal progenitor population (51) . The anesthetic ketamine has been shown to be neurotoxic, and hPSC-derived neurons were used to study the mechanism. Ketamine increased neural stem cell proliferation and caused neuronal apoptosis in a mitochondrion-dependent mechanism (52).
Neurotoxicology models have benefited from access to hPSC-derived neurons. For example, iPSC lines have been made from Parkinson disease, Alzheimer disease, spinal muscular atrophy, familial dysautonomia, Rett syndrome, and schizophrenia and have been differentiated into neurons. These models recapitulate neurodegenerative disease and allow one to predict the beneficial and deleterious effects of pharmaceutical agents prior to exposing patients. As with many other in vitro studies, strictly relying on cell viability assays is limited in predictive power, and the integration of functional end points that underlie the sophisticated events of neuropharmacology, electrical activity, cell signaling, and mechanistic cascade following injury alongside morphologic assessment such as neurite outgrowth and cell replication will greatly expand the utility of hPSC-derived neurons in the field of toxicology.
Hepatocytes
To an in vitro toxicologist, hepatocytes are the most sought after cell type. Primary cultured hepatocytes, the current gold standard for in vitro liver-based questions, are an integral part of early safety assays, including generic cellular toxicity signals, metabolic drug activation, P450 induction signals, transporter activity, formation of toxic drug metabolites, and impairment of mitochondrial function, to name just a few. Parenchymal hepatocytes are the major cell type of the liver and, when cultured, can retain many physiological functions of intact liver, albeit only for a limited time, and exhibit cytochrome P450 levels that vary greatly from preparation to preparation (53) . Consequently, there is a strong need for a human-specific in vitro test system that mirrors the critical characteristics of the liver, and extensive efforts are being directed toward the establishment of hPSC-derived hepatocytes.
To date, hPSC-derived hepatocytes with robust properties have been challenging to efficiently produce, largely due to difficulties in obtaining a mature metabolic phenotype. For full implementation of hPSC-derived hepatocytes in toxicology, the cells need to have the ability to metabolize drugs via the CYP450 family of phase I enzymes, as drug-induced liver injury is in part due to CYP450-dependent formation of reactive metabolites that damage cellular macromolecules, exert hepatotoxicity, and potentially form immunogenic liver protein adducts. In hPSC-derived hepatocytes, the expression of CYP3A4, the most abundant cytochrome P450 in the liver, was present but at lower levels in stem cell-derived hepatocytes compared with human liver or primary human hepatocytes even after induction with xenobiotics (54 -56) . In contrast, other P450s such as CYP1A2 demonstrate comparable levels in hPSC-derived hepatocytes as primary human hepatocytes (57, 58) . The activity of four major human liver cytochromes (CYP1A2, CYP2C9, CYP3A4, and CYP2D6), as well as metabolite profiling of bufuralol, a nonselective ␤-adrenoreceptorblocking agent, indicated comparable metabolic activity of ESC-derived hepatocyte-like cells compared with primary human hepatocytes. In addition, four new metabolic pathways of bufuralol were identified, expanding the total number of known metabolic pathways for this molecule (59) . The activity of GSTs has been shown to also be comparable to that of primary human hepatocytes, despite differential and, in some cases, lower expression of the various GST subunits (60) . Although limited, these examples highlight the potential for the current version of hPSC-derived hepatocytes to be at least equivalent to that of primary human hepatocytes.
Similar to other hPSC-derived tissues and hepatocytes from pluripotent cells, efforts have been taken to identify a means to produce a more mature phenotype. Extended culturing has been shown to lead to a more mature phenotype; for example, ␣ 1 -antitrypsin secretion increased by nearly 6-fold after 6 -7 weeks of culturing, although it was still less than primary human hepatocyte levels (61) . Additionally, ␣-fetoprotein levels dropped and CYP3A4 levels increased after 8 weeks of culture of hPSC-derived hepatocytes (62) . The re-creation of a three-dimensional matrix environment and the use of coculture with stromal cells also appeared to increase the differentiation and function of hPSC-derived hepatocytes (63, 64) . Although others have used genetic engineering to express hepatic transcription factors such as HNF4␣ to drive maturation (65), the use of small molecule "modifiers" is common in differentiation protocols and could similarly be used to enhance the maturation status of hPSC-derived hepatocytes (66) .
Limited publications exist currently on the use of hPSC-derived hepatocytes in toxicology. However, a few publications have shown promising data. Across a panel of 15 compounds that were known non-carcinogens, genotoxic carcinogens, and non-genotoxic carcinogens, gene expression analysis identified a subset of ϳ600 genes that separated the classes with 95% confidence and yielded biologically meaningful classification. The gene set identified also highly correlated with expression profiles from primary human hepatocytes (63) . Another publication showed that hPSC-derived hepatocytes were sensitive to D-galactosamine hepatotoxicity, which could be attenuated by prostaglandin E 1 (67) . Although there are limited data on the utility of hPSC-derived hepatocytes in toxicology, the true assessment of their value will be determined once more adultlike metabolic expression is achieved.
Conclusions
hPSC-derived tissues have only recently been produced in sufficient quality and quantity to enable basic drug research in pharmacology and toxicology ( Fig. 1) . However, the field is moving rapidly past the initial curiosity stage, where more reviews are written than primary data publications, into the brass tacks of true research investigations. By example, many public and private laboratories are using hPSC-derived tissues for screening to identify new targets and drug molecules. The improved biological properties of hPSC-derived tissues become even more useful when combined with an increasing number of sophisticated tools to introduce precise genetic, gene, and chromosomal alterations; stem cell-derived tissues can be engineered to replicate a disease, express factors to enable differentiation or maturation, or introduce biomarker-reporting constructs. Similarly, hPSC banking efforts such as those announced by the California Institute for Regenerative Medicine and the Innovative Medicines Initiative will collect thousands of samples from diverse patient genetic and disease backgrounds, which, coupled with high quality manufacturing of hPSC-derived cells, will shed much light on the connection of genotype to phenotype.
Although the seminal work on the embryonic stem cell test provided a clear example of the in vitro to in vivo correlative power of stem cells, the safety pharmacology applications of hPSC-derived cardiomyocytes could have a major impact on pharmaceutical drug development. The cost impact of hERG signals and QT prolongation has cast a long shadow from preclinical research into late stage drug development, and the data generated from hPSC-derived cardiomyocytes not only can help in selecting better candidates at the outset and provide context to the high false positive rate of hERG channel inhibition but may also be suitable in obviating the need for costly clinical safety trials such as the TQT study. hPSC-derived neurons and hepatocytes are just beginning to be investigated but have already provided a more substantial human model for research. Although it is still early days, substantial financial effort has been placed on creating so-called "man-on-a-chip" models, where hPSC-derived tissues will be the primary cell format of choice given their robust reproducible manufacturing coupled with the ability to make cells from patients with known medical conditions. The challenge to use this technology as a suitable replacement for animal models is enormous, yet if these approaches produce better multicellular in vitro organoids that can improve our understanding of human disease as well as beneficial and deleterious drug responses, the effort will be warranted. Many technology improvements have been full of promise at the outset, yet hPSC-derived tissues are grounded in strong scientific rationale and are already improving our ability to investigate physiology, pharmacology, and toxicology.
